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HIGHLIGHTS 


•  We  investigate  the  welding  behavior  of  Nation  over  a  broad  parameter  range. 

•  The  influence  of  time,  temperature  and  pressure  is  measured  and  explained  by  theory. 

•  The  welding  behavior  can  be  predicted  by  the  reptation  model  from  polymer  dynamics. 

•  Time-temperature  master  curves  for  different  pressures  are  constructed  and  discussed. 

•  Welding  time  and  final  strength  are  predicted  using  the  model  and  measurement  data. 
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The  properties  of  perfluorosulfonic  acid  ionomers  (PFSIs)  such  as  DuPont's  Nation®  have  been  extensively 
characterized  during  the  last  decades.  However,  despite  its  importance  for  the  upcoming  industrializa¬ 
tion  of  PFSI-based  products  no  detailed  investigation  of  the  welding  behavior  of  PFSIs  has  been  per¬ 
formed.  This  paper  investigates  the  welding  behavior  of  Nation®  NRE-211  membranes  common  in  both 
academia  and  industry  over  an  industrially  relevant  parameter  range  of  time,  temperature  and  pressure. 
The  strength  evolution  of  the  welded  interface  shows  a  linear  dependence  with  square  root  of  time  and 
an  Arrhenius  temperature  dependence.  It  is  thus  suggested  that  the  welding  behavior  of  Nation® 
membranes  can  be  predicted  by  the  reptation  model  from  polymer  dynamics.  Time-temperature  master 
curves  for  a  large  range  of  parameters  are  constructed.  Pressure  is  shown  to  have  positive  effects  at  very 
low  welding  times,  but  strongly  negative  effects  at  longer  welding  times,  which  can  be  explained  by  the 
model.  Welding  time  and  final  strength  of  the  fully  healed  interface  are  predicted  using  measurement 
and  literature  data.  A  short  discussion  on  thermal  transitions  and  on  the  role  of  crystallinity  is  also 
presented. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  introduction  of  Nafion®  by  DuPont™  in  the  mid-1960s 
[1  perfluorosulfonic  acid  ionomers  (PFSIs)  have  been  extensively 
investigated  for  use  as  ion-conducting  electrolyte  in  electrolysis 
cells,  fuel  cells  and  redox  flow  batteries  as  well  as  for  different 
catalytic  processes  [2  . 

The  hydrophobic  Polytetrafluoroethylene  (PTFE)  backbone 
combined  with  the  hydrophilic  side  chains  result  in  the  unique 
microstructural,  thermomechanical  and  functional  properties  of 
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PFSIs  which  despite  thousands  of  publications  have  still  not  been 
fully  understood  [3  .  One  key  characteristic  of  a  PFSI  molecule  is  the 
average  distance  between  the  hydrophilic  side  chains,  character¬ 
ized  by  the  equivalent  weight  (EW)  as  molecular  weight  per  mole 
of  sulfonic  acid  groups.  A  typical  equivalent  weight  of  1100  g  mol1 
thus  corresponds  to  an  average  of  6.6  TFE  units  between  the  side 
chains.  The  second  distinct  molecular  feature  of  a  PFSI  molecule, 
the  chemical  structure  and  length  of  its  side  chain,  has  recently 
attracted  increasing  attention  [4,5].  In  contrast,  the  third  molecular 
property,  the  molecular  weight  and  its  distribution,  has  received 
much  less  scientific  attention.  These  molecular  features  as  well  as 
processing  parameters  and  a  slow  equilibration  to  environmental 
conditions  determine  the  microstructure  and  the  resulting  prop¬ 
erties  of  PFSIs. 
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Today's  understanding  of  the  microstructure  of  PFSIs  has  mainly 
evolved  from  scattering  and  diffraction  investigations  performed 
since  the  1970s.  In  an  early  investigation  of  Nation®  in  its  acid  and 
precursor  form  Gierke  et  al.  discovered  that  PFSIs  have  low  crys¬ 
tallinity  that  can  be  assigned  to  the  PTFE  backbone,  increases  with 
increasing  equivalent  weight  and  decreases  from  the  precursor  to 
dry  acid  and  wet  acid  form.  Moreover,  water  filled  clusters  of 
around  5  nm  size  are  detected,  which  increase  in  size  and  number 
along  with  an  increased  macroscopic  water  uptake  with  decreasing 
equivalent  weight.  It  is  further  proposed  that  with  increasing  water 
content  the  number  of  side  chains  and  average  size  per  cluster 
increases,  but  the  number  of  clusters  is  reduced  by  a  microstruc- 
tural  reorganization  [6  .  Though  a  wealth  of  excellent  in¬ 
vestigations  and  microstructural  models  have  been  published 
thereafter  (e.g.  Refs.  [7-20])  these  assumptions  from  1981  are  still 
the  foundations  of  our  current  understanding. 

Thermomechanical  properties  have  also  been  widely  investi¬ 
gated  towards  a  better  understanding  of  PFSIs.  In  1977,  Yeo  and 
Eisenberg  identified  three  distinct  thermal  transitions  of  1365  EW 
Nation®  at  110  °C,  20  °C  and  -100  °C,  which  they  denoted  by  alpha, 
beta  and  gamma  transition,  which  is  still  the  current  terminology 
[3,21  .  Since  then,  dynamic  mechanical  analysis  (DMA)  13,18 — 22], 
differential  scanning  calorimetry  (DSC)  10,11,12,18,23  ,  modulated 
differential  scanning  calorimetry  (MDSC)  [24  ,  thermogravimetric 
analysis  (TGA)  [12,23],  dielectric  spectroscopy  [20,21]  as  well  as 
wide-angle  X-ray  diffraction  (WAXD)  [6],  small-angle  X-ray  scat¬ 
tering  (SAXS)  18,19]  and  nuclear  magnetic  resonance  (NMR) 
spectroscopy  [18]  at  different  temperatures  have  been  used  to 
detect  and  interpret  thermal  transitions  in  PFSIs  with,  however, 
often  contradictory  results.  This  can  be  explained  by  the  use  of 
different  PFSIs,  their  long  equilibration  times,  but  also  by  experi¬ 
mental  difficulties  as  the  effects  of  concurrent  solvent  evaporation 
during  heating.  The  consensus  is  that  the  different  transitions  can 
be  assigned  to  different  molecular  origins  as  a  common  glass 
transition  of  the  backbone,  a  melting  of  the  crystalline  regions,  the 
overcoming  of  electrostatic  interactions  between  the  side  chain  end 
groups  and,  finally,  the  thermal  decomposition  of  PFSIs  that  starts 
at  around  300  °C. 

During  the  last  decade  the  dependence  of  mechanical  properties 
on  environmental  conditions  as  temperature  and  humidity  has  been 
further  explored.  Benzinger  et  al.  find  a  drastic  effect  on  Young's 
modulus,  creep  and  relaxation  rates  25-29].  Whereas  water  seems 
to  have  a  plasticizing  effect  at  temperatures  below  70  °C,  the  hy¬ 
drophilic  clusters  seem  to  have  a  stiffening  effect  at  temperatures 
between  70  °C  and  100  °C,  which  is  supported  by  earlier  results  [22]. 
Recently,  Patankar  et  al.  showed  that  stress  relaxation  curves  of  PFSIs 
can  be  represented  by  master  curves  using  time-temperature 
moisture  superposition  for  a  wide  range  of  temperatures  and  hu¬ 
midities  [30  .  The  same  seems  to  apply  to  the  fracture  toughness  of 
PFSI  membranes  characterized  by  a  knife  slit  test  [31,32]. 

Despite  its  importance  for  the  upcoming  industrialization  of 
PFSI-based  products  the  welding  behavior  of  PFSIs  has  not  been 
reported  in  detail  before.  In  fact,  it  is  sometimes  suggested  that 
welding  of  PFSI-based  products  should  be  conducted  slightly  above 
the  glass  temperature  of  a  PFSI  as  a  lower  temperature  could  lead  to 
insufficient  melting  [33]  or  a  lack  of  molecular  entanglements  be¬ 
tween  the  bond  partners  [34]  and  higher  temperatures  could  lead 
to  inferior  product  characteristics  [33,34].  A  detailed  discussion  of 
the  underlying  processes  and  resulting  time  temperature  pressure 
trade-offs  is  lacking,  however. 

Polymeric  parts  can  be  bonded  by  a  variety  of  joining  technol¬ 
ogies  [35,36  .  In  contrast,  PFSI-based  parts  such  as  membranes  and 
electrodes  for  electrolysis  cells,  fuel  cells  or  redox  flow  batteries 
require  intimate  contact  between  the  bond  partners,  which  is  why 
welding  seems  to  be  the  only  appropriate  joining  technology.  In 


welding,  coalescence  of  the  bond  partners  is  typically  reached  by 
applying  pressure  and  heat  to  the  interface  and  the  process  is 
classified  with  respect  to  the  heat  source  as  thermal,  friction  or 
electromagnetic  bonding  35].  In  general,  adhesion  at  the  interface 
of  two  joined  parts  can  be  explained  by  a  variety  of  possible 
adhesion  models  such  as  the  thermodynamic  adhesion  model 
based  on  non-covalent  bonds,  the  chemical  adhesion  model  based 
on  chemical  bonds,  the  electrical  adhesion  model  that  interprets 
the  two  interfaces  as  a  kind  of  capacitor,  the  diffusion  model  that  is 
based  on  interdiffusion  of  matter  across  the  interface  and  the  me¬ 
chanical  adhesion  model  that  is  based  on  mechanical  interlocking 
of  the  two  bond  partners  and  is  probably  the  historically  first 
explanation  for  adhesion.  For  polymers,  it  is  now  widely  accepted 
that  diffusion  is  the  predominant  adhesion  mechanism  in  most 
cases  [37-39]. 

From  the  basic  idea  of  this  adhesion  mechanism  presented  by 
Voyutskii  in  the  1960s  [40]  today's  models  of  polymer  diffusion 
across  an  interface  have  evolved  by  a  number  of  major  works  on 
polymer  dynamics.  Based  on  the  work  of  Rouse  on  polymer  dy¬ 
namics  in  dilute  solutions  and  melts  [41  ,  de  Gennes  [42  ,  Doi  and 
Edwards  [43]  also  integrated  the  effects  of  molecular  entangle¬ 
ments  on  chain  dynamics  and  developed  the  “reptation  model”. 
According  to  the  model  thermal  motion  of  linear  polymer  chains  in 
an  amorphous  material  can  be  described  as  a  correlated,  curvilinear 
motion  of  monomers  within  local  restrictions  imposed  by  neigh¬ 
boring  chains  or  distant  chain  segments  called  “tubes”.  Starting 
with  the  chain  ends,  the  chains  leave  their  original  tube  by  this 
random  walk  over  time.  After  the  molecular  relaxation  or  reptation 
time  Tr  most  of  the  chain  has  left  its  original  tube.  This  model  has 
first  been  applied  to  polymer  interfaces  by  de  Gennes,  Prager  and 
Tirell  as  well  as  Wool  [38  .  The  latter  characterizes  the  state  of 
interdiffusion  by  several  parameters  such  as  the  average  length  /(t) 
of  the  chain  ends  that  have  left  their  original  tube  called  “minor 
chains”  resulting  in  the  number  of  molecules  n(t)  and  the  number 
of  chain  segments  p(t)  crossing  the  interface.  For  a  time  t  <Tr  these 


are  defined  as  [38] 

l(t)~2^/(Dit/Tr)  =  Lj2*(t/Tr)03~t°-5M-05  (1) 

n(t)  =  noo*(t/Tr)0'25~t0'25M-1'25  with 

=  l,31pNa(Cooi/M0)b0M-a5~JV/-a5.  (2) 

p(t)  =  Poo *(t/rr)a5~t°'5M“1'5  with  Poo 

=  3, 93pNa (Cxj/ M0)b0M~°-5~M°  (3) 

and 

Tr~L2  f  (2D]  )~M3  (4) 


with  D i  as  the  curvilinear  diffusion  coefficient  of  a  chain  with 
length  L,  the  density  p,  the  molecular  weight  M,  the  molecular 
weight  of  the  monomer  Mo,  the  number  of  backbone  bonds  per 
monomer  j,  the  characteristic  ratio  C^,  the  bond  length  bo  and  the 
Avogadro  constant  Na.  The  temperature  dependence  of  Di  can  be 
represented  by  an  Arrhenius  equation  [44].  At  times  t  >  Tr  the 
chains  have  reached  their  equilibrium  conformation  and  the 
interface  has  disappeared  locally.  The  structure  of  the  interface 
then  only  depends  on  molecular  properties  as  seen  in  Eqs.  (l)-(3). 
The  mechanical  strength  of  the  interface  is  particularly  dependent 
on  the  molecular  weight,  such  that  the  mechanical  strength  starts 
at  low  values,  then  above  a  certain  molecular  weight  increases  by 
several  orders  of  magnitude  and  levels  off  for  further  increasing 
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molecular  weights.  This  threshold  molecular  weight  called  “critical 
molecular  weight”  is  characteristic  of  the  specific  polymer.  It  is 
hypothesized  that  at  the  critical  molecular  weight  the  chains  are 
sufficiently  entangled  or  critically  connected,  which  can  be 
expressed  as  p  =  3  x  n  with  the  above  definitions. 

The  definitions  above  imply  that  at  the  time  t  =  0  the  interfaces  are 
in  intimate  physical  contact.  In  contrast,  real  welding  processes  occur 
in  several  stages  as  microscopic  wetting  of  the  surfaces  has  to  precede 
diffusion,  which  is  why  real  welding  processes  have  to  be  treated  as  a 
convolution  of  wetting  and  diffusion,  as  pointed  out  by  Wool  45].  As 
wetting  is  a  complex  interplay  of  process  parameters  and  properties 
of  the  parts  to  be  welded  it  is  often  neglected  or  assumed  to  follow  a 
linear  dependence.  The  welding  process  of  semicrystalline  materials 
is  further  complicated  as  crystalline  regions  can  evolve,  grow  or  melt 
during  wetting  and  diffusion.  Alignment  of  molecules  in  crystalline 
sections  obviously  reduces  the  chain  mobility,  but  crystallization  can 
also  break  up  the  original  interfaces  by  volume  contraction  [38]. 
Hence,  the  effects  of  crystallization  can  both  improve  or  deteriorate 
the  mechanical  strength  of  the  interface,  again  depending  on  both 
material  and  process  parameters. 

2.  Experimental 

To  investigate  the  welding  behavior  of  PFSI-based  products,  PFSI 
membranes  were  joined  by  hot-pressing  with  a  heat  sealing  ma¬ 
chine  at  different  times,  temperatures  and  pressures  and  the 
resulting  seals  were  tested  in  a  T-peel  configuration  with  a  regular 
tensile  testing  machine.  As  a  reference  membrane  for  both 
academia  and  industry  with  several  publications  on  a  variety  of 
properties  [30-32,46-49],  DuPont™  Nation8  NRE-211  cast  mem¬ 
branes  were  used  for  this  study.  All  membranes  were  used  as- 
received,  which  is  closer  to  industrial  use  compared  to  the  exten¬ 
sive  pretreatment  procedures  often  employed  in  scientific  work. 
For  sample  preparation  the  membranes  were  cut  with  a  roll-cutter 
to  dimensions  of  100  mm  x  10  mm.  The  two  protective  foils  called 
‘coversheet’  and  ‘backing  film’  were  then  removed  with  adhesive 
tapes  attached  to  a  corner  of  the  samples  as  proposed  by  DuPont™ 
[50].  The  samples  were  cut  in  half  and  the  two  halves  were  carefully 
superimposed  using  teezers,  such  that  the  sides  formerly  facing  the 
backing  film  were  in  contact,  yielding  a  sample  of  50  mm  x  10  mm 
of  two  stacked  membranes.  Special  attention  was  given  to  exactly 
align  the  two  pieces  as  any  overlap  would  lead  to  significant 
reduction  in  bonded  area  both  impacting  the  welding  pressure  and 
the  peel  test  evaluation.  The  actual  welding  process  was  performed 
at  a  Kopp  Laboratory  Sealer  SGPE  3000  heat  sealing  machine  using 
copper  heat  sealing  bars  with  dimensions  of  12.5  mm  x  50  mm. 


Thus,  an  area  of  12.5  mm  x  10  mm  was  welded  each  time.  To 
prevent  the  membrane  samples  from  sticking  to  the  heat  sealing 
bars  after  welding,  the  samples  were  sheeted  between 
temperature-resistant  ETFE  foils  with  a  thickness  of  100  pm  and 
dimensions  of  around  30  mm  x  70  mm.  The  sample  stack  now 
consisting  of  two  membranes  between  ETFE  foils  was  inserted 
between  the  heat  sealing  bars  immediately  before  the  welding 
process  such  that  the  foils  did  not  touch  the  bars  before  the  process. 
After  welding,  the  samples  were  removed  immediately  from  the 
heat  sealing  bars  and  left  to  cool  on  an  aluminum  plate.  By  a 
number  of  preliminary  test  runs  it  could  be  shown  that  the  strength 
of  the  interface  strongly  increases,  in  case  the  samples  are  left  be¬ 
tween  the  heat  sealing  bars  for  any  additional  time  before  or  after 
the  actual  welding  process.  The  exact  compliance  with  these 
described  measures  was  thus  imperative  to  yield  good  reproduc¬ 
ibility.  After  cooling  the  ETFE  foils  were  removed  and  the  mem¬ 
brane  samples  were  left  to  equilibrate  around  10  min  prior  to 
testing.  Standard  adhesive  tapes  were  attached  to  both  unbounded 
peel  arms  to  facilitate  sample  handling  for  the  peel  tests.  For  the 
peel  tests  a  Zwick/Roell  zwickiLineZ2.5  tensile  tester  with  a  20  N 
load  cell  was  used.  The  clamping  length  was  set  to  50  mm  and  a 
testing  speed  of  20  mm  min-1  was  selected.  The  sample  configu¬ 
ration  for  the  performed  T-peel  test  as  well  as  a  typical  load- 
displacement  diagram  resulting  from  the  measurement  are  dis¬ 
played  in  Fig.  1.  As  illustrated,  two  local  maxima  were  typically 
encountered  at  the  borders  of  the  welded  area.  The  height  of  these 
maxima  proved  to  be  dependent  on  time  and  temperature,  but 
rather  independent  of  pressure,  whereas  the  ratio  of  local  maxima 
to  plateau-like  curve  strongly  increased  with  pressure.  With  a 
number  of  samples  stick-slip  effects,  a  phenomenon  related  to  rate- 
dependent  fracture  known  for  more  than  25  years  (e.g.  Ref.  [51  ) 
with  alternating  jumping  and  very  slow  fracture  propagation,  could 
be  observed  at  intermediate  interfacial  strengths. 

To  eliminate  the  boundary  effects,  the  average  peel  force  per 
peel  width  between  around  20%  and  80%  of  the  displacement 
during  fracture  was  taken  as  the  representative  value  with  a  unit  of 
N  cm-1.  For  T-peel  tests  this  measured  force  per  peel  width  does  not 
correspond  to  the  true  fracture  energy  as  often  assumed  for 
simplicity.  In  fact,  a  number  of  publications  deal  with  this  topic, 
additionally  accounting  for  elastic  and  plastic  effects  in  the  peel 
arms  in  an  energy  balance  (e.g.  Ref.  [52  ).  As  a  general  consensus 
the  true  fracture  energy  is  only  a  fraction  of  the  overall  energy 
measured  in  a  peel  test,  which  also  depends  on  the  properties  of 
the  material  under  investigation.  Nevertheless,  due  to  the 
complexity  of  this  analysis  and  the  large  number  of  samples  tested 
in  this  study,  these  approaches  were  not  followed  here.  This 


Displacement  [mm] 


Fig.  1.  Sample  testing  and  data  evaluation  for  the  T-peel  test  applied. 
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assumes  that  true  fracture  energy  and  peel  force  per  width  or 
henceforth  peel  strength  Gic  correlate  in  a  proportional  manner, 
which  seems  plausible  considering  that  material  and  sample  di¬ 
mensions  remain  constant  during  this  study. 

In  this  study  welding  was  performed  with  a  broad  range  of 
industrially  relevant  parameters,  with  temperatures  ranging  from 
120  °C  to  200  °C,  pressures  from  0.4  MPa  to  12  MPa  and  times  from 
0.3  s  to  400  s.  For  each  set  of  parameters  5  samples  were  prepared 
and  tested  yielding  a  total  number  of  almost  400  samples.  Mode  III 
fracture  of  the  welded  areas  (e.g.  Ref.  [53]),  such  that  a  crack 
propagated  along  the  cross  section  of  one  of  the  membranes, 
resulted  in  the  upper  limit  of  peel  strengths  that  could  be 
measured,  which  is  why  the  peel  strength  of  fully  healed  interfaces 
could  not  be  determined  directly. 

3.  Results  and  discussion 

The  following  section  first  discusses  the  influence  of  time  and 
temperature  at  a  low  welding  pressure  of  0.4  MPa.  The  influence  of 
pressure  is  investigated  thereafter.  This  is  followed  by  a  short 
interpretation  of  the  curve  shape  resulting  in  a  theoretical  predic¬ 
tion  of  the  reptation  time  and  the  strength  of  the  fully  healed 
interface.  A  short  discussion  on  thermal  transitions  and  the  role  of 
crystallinity  is  presented  as  well. 

3.2.  The  influence  of  time  and  temperature  at  low  welding  pressures 

The  influence  of  welding  time  and  temperature  on  peel  strength 
at  a  low  welding  pressure  of  0.4  MPa  is  displayed  in  Fig.  2.  As  can  be 
seen  and  is  expected  both  time  and  temperature  have  a  strong 
influence  on  the  peel  strength  of  the  welded  interface.  Whereas  at  a 
temperature  of  200  °C  welding  for  0.3  s  results  in  a  peel  strength  of 
around  1.5  N  cm-1,  welding  at  140  °C  and  400  s  only  results  in  a 
peel  strength  of  less  than  1  N  cm-1.  What  is  more  interesting  is  that 
for  a  given  temperature  the  influence  of  welding  time  on  peel 
strength  can  be  represented  by  a  linear  dependence  on  the  square 
root  of  time  over  a  large  set  of  parameters  as  illustrated  by  the  lines 
in  Fig.  2.  In  fact,  it  exhibits  the  same  time  dependence  as  the 
average  length  of  the  minor  chains  2(t)  and  the  number  of  chain 
segments  across  the  interface  p(t)  predicted  from  the  theoretical 
calculations  of  the  reptation  model  given  in  Eqs.  (1)  and  (3), 
respectively.  However,  these  linear  approximations  do  not  run 
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Fig.  2.  Dependence  of  peel  strength  on  time  and  temperature  at  a  pressure  of  0.4  MPa. 
The  data  points  can  be  linearly  approximated. 


through  the  origin  as  would  be  expected  if  a  linear  correlation 
between  2(t)  or  p(t)  and  peel  strength  existed.  Thus,  a  more  detailed 
examination  appears  necessary. 

In  case  a  correlation  between  mechanical  strength  and  interfa¬ 
cial  width  exists  [54]  and  if  the  interfacial  width  is  well  described 
by  the  reptation  model,  the  linear  sections  of  the  graph  should 
show  an  Arrhenius  type  temperature  dependence.  This  further 
means  that  a  time-temperature  superposition  can  be  deduced  from 
the  data. 

In  this  case,  the  linear  sections  of  the  curve,  i.e.  the  data  for  time 
t  larger  than  the  threshold  time  t^T),  can  be  represented  by  the 
following  equation  with  peel  strength  Gic  for  a  set  of  parameters  t 
and  T,  activation  energy  Ea,  gas  constant  R  and  ci,  C2  and  C3  as  fitting 
parameters  with  Ci  and  C2  depending  on  temperature: 

Glc(t,  T)  =  Cj(T)  +c2(T)*t05 

=  Cl(T)  +  c3*exp(  -  Ea/(2RT))*ta5for  t>tcrk(T)  (5) 

For  the  calculation  of  Ea  all  data  with  Gic(  tj)  >  0.05  N  cm-1  and 
with  T between  140  °C  and  190  °C  were  used,  as  these  all  seem  to  fit 
into  a  linear  equation  with  t0,5,  which  justifies  this  selection.  Data 
fitting  yields  the  values  listed  in  fable  1.  Fitting  the  logarithmic 
values  of  C2 (T)  with  T  in  Kelvin  then  yields  a  fitting  constant  C3  of 
1.01  *1016  N  cm_1s  0,5  and  a  thermal  activation  energy  Ea  of 
271  kj  mol-1.  For  comparison,  other  authors  mention  thermal 
activation  energies  between  25  and  402  kj  mol-1  for  polyethylene, 
polypropylene,  polyisobutylene,  poly(methyl  methacrylate) 
(PMMA)  and  polystyrene  (PS)  [38,44].  For  Nation®  NRE-211  mem¬ 
branes,  thermal  activation  energies  of  200  kj  mol-1  obtained  by  a 
knife  slit  test  [32]  and  of  39  kj  mol-1  obtained  from  stress  relaxa¬ 
tion  experiments  [30]  both  in  a  temperature  range  from  40  to 
100  °C  are  reported.  Thus,  the  value  of  271  kj  mol-1  deduced  from 
our  measurements  seems  to  be  a  comparatively  high,  but  reason¬ 
able  value.  As  can  be  seen  from  Fig.  3  the  data  can  be  well  repre¬ 
sented  by  an  Arrhenius  dependence  with  only  C2(180  °C)  and 
C2(190  °C)  deviating  significantly  from  the  fit,  which  will  be  further 
discussed  later  in  the  text. 

A  time-temperature  superposition  can  now  be  constructed  by 
using  the  following  equation  obtained  using  Eqs.  (1)  and  (4)  at  two 
temperatures  T\  and  T2  with  T\  as  temperature  of  the  master  curve 

tiwr,  =  t*exp((— £fl/R)*(l/7’1— I/T2))  (6) 

Using  the  above  equation  a  time-temperature  superposition 
with  respect  to  the  reference  temperature  T  =  140  °C  can  be  con¬ 
structed  as  shown  in  Fig.  4.  Almost  all  data  collapse  well  onto  the 
master  curve,  with  only  some  points  deviating  significantly.  In  fact, 
these  are  the  values  obtained  for  welding  at  180  °C,  190  °C  and 
200  °C  for  0.3  s  as  well  as  for  190  °C  for  1  s,  the  latter  two  not 
illustrated  for  scaling  reasons.  These  lower  than  predicted  values 
can  be  explained,  as  for  this  extremely  short  welding  time  addi¬ 
tional  effects  such  as  the  wetting  of  the  surfaces  and,  especially  for 
higher  temperatures,  the  heating  of  the  interface  could  take  a 


Table  1 

Data  used  for  fitting  of  the  linear  sections  and  resulting  threshold  time  tcrit. 


Temperature  [°C]  Ci(T)  [N  cm  1  ]  c 2(T)  [N  cm  1  s  °5] 

fcrit  [s] 

#  samples  in  fit 

140 

-0.78 

0.08 

104.0 

20 

150 

-0.47 

0.17 

9.3 

30 

160 

-0.35 

0.43 

0.8 

20 

170 

-0.50 

1.09 

0.3 

18a 

180 

-1.82 

3.55 

0.3 

10 

190 

-1.40 

4.16 

0.1 

7a 

a  For  the  very  high  peel  strengths  for  welding  at  1 70 0  C  and  6  s  and  for  1 90 0  C  and 
1  s  only  less  than  five  valid  measurements  without  mode  III  fracture  could  be  ob¬ 
tained  though  a  much  bigger  number  of  samples  were  tested. 
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Fig.  3.  Slope  of  the  linear  sections  of  peel  strength  versus  time  and  temperature:  data 
versus  fit.  Only  at  T  >  180  °C  the  data  and  fit  show  significant  deviation. 

significant  amount  of  the  total  welding  time.  Thus,  the  welding 
behavior  of  NRE-211  membranes  at  low  pressures  can  be  repre¬ 
sented  by  a  time-temperature  master  curve  for  a  wide  range  of 
industrially  relevant  parameters.  Combined  with  the  observed 
linear  dependence  of  peel  strength  to  the  square  root  of  time,  this  is 
a  strong  indication  that  the  welding  behavior  of  PFSIs  can  be  well 
described  and  predicted  by  the  reptation  model  for  polymer 
diffusion.  However,  this  prediction  is  complicated  by  the  fact  that 
there  are  two  distinct  sections  in  the  master  curve.  Whereas  during 
the  first  100  s  the  peel  strength  slowly  increases  from  around 
0.08  N  cm-1  to  around  0.1  N  cm-1,  the  slope  is  much  steeper  in  the 
linear  section  of  the  master  curve.  For  practical  purposes  this 
means  that  a  lot  more  data  points  have  to  be  collected  in  order  to 
retrieve  the  thermal  activation  energy  and  to  predict  the  welding 
behavior.  The  origin  of  this  distinct  transition  shall  thus  be  dis¬ 
cussed  in  Section  3.3  of  this  work. 

32.  The  influence  of  welding  pressure 

Similar  investigations  were  performed  to  evaluate  the  influence 
of  pressure  on  welding.  Apart  from  the  previously  discussed  data 
obtained  by  welding  at  0.4  MPa,  further  data  were  collected  at 
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Fig.  5.  Dependence  of  peel  strength  on  time  and  temperature  for  12  MPa.  Pressure 
significantly  reduces  peel  strength  almost  all  data  points. 

2.4  MPa  and  12  MPa,  respectively.  The  data  obtained  at  pressures  of 
12  MPa  are  displayed  in  Fig.  5,  which  for  better  comparability  uses 
the  same  scale  as  Fig.  2.  Unwanted  Mode  III  fracture  of  the  samples 
occurred  at  similar  time  and  temperature  parameters  compared  to 
low  pressure  welding  limiting  the  values  which  could  be  measured. 

What  can  be  seen  immediately  is  the  strongly  negative  effect  of 
welding  pressure  on  recorded  peel  strength  for  seemingly  all  data 
points,  such  that  most  data  points  are  located  below  the  transition 
to  linear  strength  evolution.  This  could  again  be  explained  in  the 
context  of  the  reptation  model,  as  the  pressure  is  expected  to 
reduce  the  chain  mobility  in  an  exponential  manner  [45].  Assuming 
the  thermal  activation  energy  is  independent  of  pressure,  the 
activation  energy  value  obtained  from  the  low  pressure  data  was 
used  to  derive  a  time-temperature  superposition  for  the  12  MPa 
data  shown  in  Fig.  6. 

As  obvious  from  Fig.  6  the  12  MPa  data  do  not  collapse  equally 
well  onto  a  single  time-temperature  master  curve  as  do  the  0.4  MPa 
data.  Taking  a  closer  look  it  seems  that  the  peel  strengths  for  the 
140  °C  and  150  °C  data  mostly  obtained  at  longer  real  welding  times 
collapse  onto  a  single  curve.  In  contrast,  the  peel  strengths  for  short 
welding  times  at  160  °C  and  170  °C  are  significantly  higher  and  do 
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Fig.  4.  Time-temperature  master  curve  at  140  °C  for  low  pressures.  Almost  all  data 
collapse  onto  the  master  curve. 
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Fig.  6.  Time-temperature  master  curve  at  140  °C  for  high  pressures.  The  high  pressure 
data  do  not  collapse  equally  well  onto  a  master  curve  as  the  low  pressure  data  do. 


K.  Froelich  et  al.  /  Journal  of  Power  Sources  267  (2014)  260—268 


265 


not  seem  to  follow  a  clear  trend.  The  peel  strengths  for  longer 
welding  times  and  for  even  higher  temperatures  seem  to  converge 
to  a  master  curve  again,  but  are  still  slightly  higher  than  an 
extrapolation  of  the  140  °C  and  150  °C  data  would  imply.  This 
suggests  that  especially  for  lower  welding  times  an  additional  in¬ 
fluence  exists.  To  further  analyze  this  effect  the  peel  strengths  ob¬ 
tained  at  12  MPa  and  0.4  MPa  were  compared  by  calculating  the 
ratio  Gic(12  MPa,t,T)/Gic(0.4  MPa,t,T)  for  different  times  and  tem¬ 
peratures.  These  ratios  as  a  function  of  time  and  temperature  are 
shown  in  Fig.  7.  As  can  be  seen  from  the  graph  the  ratio 
Gic(12  MPa,t,T)/Gic(0.4  MPa,t,T)  displays  a  clearly  decreasing  trend 
with  increasing  welding  time  for  all  welding  temperatures  with  the 
low  pressure  value  being  significantly  higher  as  expected  from  the 
theory  of  diffusion.  For  very  short  welding  times  of  1  s  and  less,  the 
opposite  effect  can  be  seen,  such  that  increasing  the  pressure  seems 
to  have  almost  no  effect  or  even  a  positive  effect  on  the  peel 
strength.  This  positive  effect  of  pressure  at  very  short  welding  time 
was  verified  by  welding  membranes  at  high  speeds  and  tempera¬ 
tures  in  a  calander,  where  higher  pressures  increased  the  peel 
strength  up  to  a  factor  of  10.  Flowever,  due  to  the  limited  set  of  data, 
these  results  shall  not  be  further  discussed  at  this  point.  It  should 
further  be  mentioned  that  due  to  the  change  in  slope  of  peel 
strength  after  a  certain  time  tcrit  as  discussed  above  the  data  points 
in  Fig.  7  should  be  interpreted  only  in  a  qualitative  manner. 

Nevertheless,  these  observations  confirm  the  first  interpretation 
of  Fig.  6:  In  addition  to  the  expected  negative  effect  of  pressure  on 
diffusion  pressure  seems  to  have  a  positive  effect  at  short  welding 
times.  Again,  this  can  be  well  explained  by  the  theory  of  polymer 
welding  as  a  higher  pressure  can  lead  to  faster  wetting  of  the  in¬ 
terfaces.  Another  possible  explanation  consistent  with  a  positive 
effect  of  pressure  at  short  welding  times  would  be  a  faster  tem¬ 
perature  rise  at  the  interface  on  account  of  a  reduced  thermal 
resistance  at  the  interfaces  between  heat  sealing  bars,  cover  foil  and 
NRE-211  membranes.  For  completeness,  a  possible  misleading  ef¬ 
fect  from  a  change  in  bulk  properties  of  the  welded  areas  of  the 
membranes  on  the  measured  peel  strengths  has  to  be  mentioned, 
but  was  shown  to  be  negligible  by  applying  the  energy  approach 
from  Nase  [52]  on  selected  samples. 

On  account  of  this  convolution  of  effects  a  meaningful  time- 
temperature  pressure  superposition  can  only  be  performed  for 
welding  times  higher  than  three  seconds  as  the  effects  of  interfacial 
heating  and  wetting  disappear  after  this  time.  Instead,  to  better 
visualize  the  effects  of  pressure  time-temperature  master  curves  for 
different  pressures  are  compared  in  Fig.  8.  Again,  the  points  for 


welding  at  190  °C  for  1  s  and  at  200  °C  for  0.3  s  are  not  included  for 
scaling  reasons.  Nevertheless,  as  can  be  clearly  seen,  besides  some 
scatter  due  to  reasons  discussed  above  a  clearly  negative  effect  of 
pressure  can  be  seen  for  most  data  points.  In  fact,  increasing  the 
pressure  from  0.4  MPa  by  a  factor  of  6  to  2.4  MPa  seems  to  have  a  much 
lower  effect  than  increasing  the  pressure  from  2.4  MPa  by  a  factor  of  5 
to  a  pressure  of  12  MPa.  This  is  again  consistent  with  the  theory  of 
polymer  dynamics  that  predicts  an  exponential  influence  of  pressure 
on  the  curvilinear  diffusion  coefficient  of  a  linear  chain  [45  .  Finally, 
this  is  also  consistent  with  the  observation  mentioned  above  that  any 
dwell  time  of  samples  between  the  heat  sealing  bars  before  or  after 
welding  strongly  increases  peel  strength  of  the  interface  meaning  that 
welding  is  even  possible  with  almost  no  pressure. 


3.3.  Welding  time  and  final  peel  strength 


Apart  from  the  trade-offs  between  time,  temperature  and 
pressure  extensively  discussed  above,  welding  time  and  the  final 
strength  of  the  fully  healed  interface  are  of  critical  interest  for  in¬ 
dustrial  applications.  As  previously  mentioned,  Mode  III  fracture  of 
the  bonded  areas  resulted  in  an  upper  limit  of  peel  strengths  that 
could  be  measured  during  this  investigation,  which  is  why  welding 
time  and  final  peel  strength  could  not  be  directly  deduced  from  the 
measurements.  However,  further  information  might  be  inferred  by 
interpreting  the  transition  between  the  two  clearly  distinguishable 
sections  of  peel  strength  versus  time  at  threshold  time  tcrit  previ¬ 
ously  defined.  On  the  one  hand,  this  transition  could  simply  mean  a 
change  in  the  proportionality  factor  between  measured  peel 
strength  and  energy  required  to  separate  the  welded  interface.  On 
the  other  hand,  this  transition  could  be  owed  to  some  kind  of 
threshold  at  microscopic  or  molecular  level.  One  interpretation 
could  be  that  after  time  tcrit  complete  wetting  of  the  interface  has 
been  reached  such  that  unhindered  diffusion  can  take  place.  While 
at  first  glance  this  seems  plausible  for  high  welding  temperatures 
and  resulting  small  values  of  tcrit  (see  Table  1),  a  deeper  look  dis¬ 
closes  that  the  values  of  tCrit  are  not  significantly  reduced  at  a 
pressure  of  12  MPa  as  compared  to  0.4  MPa  and  that  the  transition 
seen  for  the  150  °C.  0.4  MPa  data  is  sharper  than  implied  by  this 
interpretation.  Furthermore,  the  effect  of  pressure  proved  to  be 
positive  only  for  welding  times  smaller  than  three  seconds, 
whereas  this  transition  occurred  at  much  higher  times  for  lower 
temperatures.  Thus,  this  interpretation  does  not  seem  realistic. 
Another  microscopic  interpretation  remains:  As  discussed  above, 
molecular  entanglements  can  drastically  improve  the  mechanical 
strength  of  a  polymer  interface.  The  chains  are  said  to  be  critically 
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Fig.  7.  Ratio  of  peel  strengths  at  pressures  of  12  MPa  and  0.4  MPa. 


Fig.  8.  Time-temperature  master  curves  for  different  pressures. 
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connected  if  a  certain  threshold  value  of  entanglements  is  reached 
such  that  bridges  can  be  formed.  In  terms  of  the  reptation  model, 
this  threshold  value  is  reached  if  the  number  of  chain  segments  p 
equals  the  number  of  chains  n  across  the  interface  by  at  least  a 
factor  of  three  [38]: 

p  =  3*n  (7) 

Inserting  for  p  and  n  as  defined  in  Eqs.  (2)  and  (3)  at  time  of 
critical  connection  tcrjt  yields: 

Poo*(fcrit/7V)0'5  =  3*nTO*(tcrit/rr)a25o(tcrit/T1.)0'25 

=  3*(n00/pC0)oitrit  =  (Mc/M)2*Tr  (8) 

According  to  that  time  tcrit  only  depends  on  the  critical  molec¬ 
ular  weight  Mc,  the  molecular  weight  M  and  the  reptation  time  Tr 
defined  in  Eq.  (1),  which  depends  on  the  curvilinear  diffusion  co¬ 
efficient  D i  that  again  follows  an  Arrhenius  temperature  depen- 
dance  with  activation  energy  Ea  as  calculated  above.  Hence,  the 
observed  transition  time  tcrit  should  follow  an  Arrhenius  depen¬ 
dence  with  Ea  =  271  kj  mol-1.  This  goes  along  well  with  the 
experimental  values  for  tcrit  and  temperatures  up  to  170  °C.  At  even 
higher  temperatures  the  experimental  tcrit  is  higher  than  predicted, 
which  seems  reasonable  due  to  the  additional  effects  of  wetting 
and  heating  and  experimental  difficulties  at  welding  times  of  1  s 
and  less.  It  is  thus  proposed  that  the  observed  transition  in  peel 
strength  is  attributable  to  the  interface  reaching  a  threshold 
number  of  entanglements  to  be  critically  connected.  This  means 
that  the  transition  is  due  to  molecular  properties  as  opposed  to 
macroscopic  properties  such  as  membrane  thickness. 

In  case  this  is  true,  the  reptation  time  can  be  predicted  based  on 
the  experimental  tcrit  and  information  on  the  molecular  weight  M 
and  critical  molecular  weight  Mc  of  the  investigated  1100  EW 
Nation®.  Unfortunately,  only  very  limited  data  on  molecular  prop¬ 
erties  of  PFSIs  have  been  published,  which  can  be  explained  by  the 
fact  that  PFSIs  hardly  form  true  solutions.  Whereas  it  is  generally 
accepted  that  the  molecular  weight  of  Nation 8  is  between  105  Da  and 
106  Da  [3],  only  very  few  publications  with  actual  measurements  of 
M  exist  [2,55-57  .  Though  PFSIs  from  different  companies  and  with 
different  EWs  have  been  studied  all  studies  report  weight  average 
molecular  weights  Mw  between  2  x  105  Da  and  slightly  above 
3  x  105  Da  with  significant  polydispersity.  For  the  following  calcu¬ 
lation  the  1100  EW  Nation®  used  in  this  study  is  assumed  to  have  the 
same  weight  average  molecular  weight  Mw  as  the  1000  EW  Nation8 
examined  by  DuPont  with  2,5  x  105  Da  55  .  No  literature  data  on  the 
critical  molecular  weight  Mc  are  available,  so  that  it  will  be  estimated 
from  the  following  approximate  formula  for  vinyl  polymers  of 
infinite  chain  length  38]  with  and  Mo  as  defined  above: 

Mc  =  30*Coo*M0  (9) 

Regarding  the  characteristic  ratio  again  hardly  any  literature 
data  on  Nation®  exist.  Whereas  Wescott  et  al.  [58]  use  a  value  of 
7.13,  Mourey  et  al.  [57]  experimentally  determine  values  between 
3.7  and  5.7  for  different  PFSIs.  However,  as  Mourey  et  al.  point  out 
these  values  seem  unrealistically  small  so  that  the  value  of  7.13  from 
Wescott  et  al.  is  used  here.  The  molecular  weight  Mo  of  the  NRE-211 
monomer  finally  is  1100  Da  per  definition,  but  has  to  be  divided  by 
the  number  of  PTFE  backbone  units  as  the  characteristic  ratios  from 
above  refer  to  one  PTFE  unit  as  a  monomer.  Hence,  a  value  of  1100/ 
7.6  =  144.7  Da  was  used  for  Mo.  Inserting  into  Eq.  (9)  this  yields  a 
critical  molecular  weight  Mc  of  30,959  Da.  Rearranging  Eq.  (8)  and 
using  the  experimental  tcr it  thus  predicts  reptation  times  between 
around  113  min  at  140  °C  and  16.4  s  at  170  °C  for  0.4  MPa.  Of  course, 
considering  the  above  approximations  this  can  only  be  used  as  a 
rough  estimate,  but  nevertheless  it  underlines  the  crucial  influence 


of  temperature  on  welding  of  Nation®.  Strictly  speaking,  the 
reptation  time  Tr  is  only  an  upper  bound  for  welding  time  as  the 
final  strength  can  be  reached  at  lower  times  for  polymers  with  very 
high  molecular  weights.  Neglecting  this  potential  influence  and 
assuming  the  observed  linear  trend  of  peel  strength  with  square 
root  of  time  continues  up  to  reptation  time  Tr  the  strength  of  the 
fully  healed  interface  can  be  estimated  by  inserting  the  tempera¬ 
ture  dependent  Tr  values  into  Eq.  (5).  This  yields  a  range  of  final  peel 
strengths  between  2.85  N  cm-1  and  5.89  N  cm”1  for  temperatures 
between  140  °C  and  170  °C.  In  fact,  these  predicted  values  are  on 
the  same  order  of  magnitude  as  the  highest  experimental  value  of 
2.76  N  cm-1,  which  supports  this  interpretation.  Finally,  this 
maximum  peel  strength  might  also  explain  why  the  slope  of  peel 
strength  with  square  root  of  time  C2(T)  for  190  °C  and  0.4  MPa  is 
lower  than  expected  (see  Fig.  3):  On  account  of  the  expected  sig¬ 
nificant  polydispersity  some  shorter  chains  have  already  reached 
their  equilibrium  state  before  the  interface  has  fully  healed,  which 
is  why  the  curve  flattens. 

So  how  do  these  measured  and  predicted  peel  strengths 
compare  with  literature  data  on  the  fracture  strength  of  Nation®? 
The  highest  measured  value  of  2.76  N  cm-1  translates  to  a  fracture 
energy  of  276  J  m-2.  The  theoretical  prediction  presented  above 
would  yield  values  between  285  J  m-2  and  589  J  m-2.  With  an 
energy  approach  on  peeling  as  proposed  by  Nase  et  al.  [52]  these 
values  would  be  significantly  lower,  but  still  of  the  same  order  of 
magnitude.  For  comparison,  other  researchers  [31,32]  determine 
NRE-211  fracture  strengths  of  several  kj  m-2  by  trouser  tear  test 
and  of  200  J  m-2  to  1  kj  m-2  by  knife  slit  test  depending  on  testing 
temperature,  humidity  and  speed.  Considering  that  experimentally 
determined  fracture  strengths  strongly  depend  on  test  method  and 
parameters  this  is  in  good  agreement  with  the  measurements  and 
predictions  presented  above. 

3.4.  Thermal  transitions  and  the  role  of  crystallinity 

It  might  be  worth  to  more  generally  interpret  the  welding  data 
presented  above,  also  with  respect  to  supplemental  measurements 
and  literature  data.  Most  important,  no  distinct  thermal  transition 
can  be  observed  over  the  whole  temperature  range  from  140  °C  to 
190  °C  relevant  for  industrial  processing.  Instead,  the  data  can  be 
well  represented  by  an  Arrhenius  temperature  dependence.  As  no 
investigation  on  thermal  transitions  of  NRE-211  are  known  to  the 
author,  data  on  1100  EW  Nation8  112  from  DuPont,  which  should 
have  the  same  molecular  structure,  might  serve  as  a  reference. 
Recently,  Zawodzinski  et  al.  [24]  applied  MDSC  on  Nation8  112. 
Apart  from  a  broad  non-reversing  endothermic  peak  between  30  °C 
and  155  °C,  which  can  be  explained  by  volatilization  of  solvents 
contained  in  the  membrane,  an  endothermic  step  change  similar  to 
a  glass  transition  is  observed  between  100  °C  and  200  °C  and 
ascribed  to  the  ionic  clusters.  To  gain  a  reference  for  NRE-211  own 
DSC  measurements  were  performed  from  10  °C  to  340  °C  with 
10  °C  min-1  heating  rate  for  5  samples  using  sealed  cups  to  sup¬ 
press  solvent  volitilization  in  the  temperature  range  of  interest. 
Between  10  °C  and  185  °C  only  one  simple  glass  transition  between 
150  °C  and  155  °C  with  a  step  size  around  0.6  J  g-1  °C-1  was 
observed.  Between  185  °C  and  220  °C  a  sharp  endothermic  peak 
with  an  area  of  around  100  J  g-1,  attributed  to  solvent  evaporation, 
then  no  further  transition  up  to  340  °C  could  be  detected.  These 
DSC  measurements  agree  well  with  the  data  and  interpretation 
from  Zawodzinski  et  al.  There  seems  to  be  a  glass  transition  in  1100 


1  The  peak  around  200  °C  seems  quite  sharp  for  an  evaporation  process.  How¬ 
ever,  the  peak  goes  along  with  a  sudden  buckling  of  the  sealed  cups,  such  that  the 
volume  increases  fast,  which  could  explain  this  observation. 
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EW  Nafion®  at  around  150  °C.  However,  this  bulk  glass  transition  is 
not  visible  in  the  welding  data.  Nevertheless,  this  is  no  contradic¬ 
tion,  as  during  the  last  15  years  many  investigations  have  shown 
that  chains  at  a  polymer  surface  have  a  different  conformation, 
energy  state  and  mobility  than  the  bulk  phase,  which  leads  to  a 
surface  glass  temperature  distinctly  lower  than  the  bulk  glass 
temperature  of  the  polymer  [59-61  .  Thus,  NRE-211  seems  to  have 
a  bulk  glass  temperature  of  around  153  °C  and  a  surface  glass 
temperature  lower  or  equal  to  140  °C. 

Another  point  of  interest  is  the  existence  and  role  of  the  crys¬ 
talline  sections.  As  discussed  above  PFSIs  are  semicrystalline  with 
the  crystalline  content  depending  on  the  chemical  structure  and 
processing.  The  same  is  true  for  NRE-211  that  seems  to  have  a 
crystallinity  of  around  12%  as  calculated  from  the  intensities  of  the 
fitted  amorphous  and  fitted  crystalline  peak  from  WAXD  mea¬ 
surements,  which  can  be  slightly  increased  by  heat  treatment  [48]. 
Own  preliminary  WAXD  measurements  confirm  the  existence  of 
crystalline  sections.  However,  no  peaks  displaying  melting  of  the 
crystalline  sections  could  be  observed  in  our  DSC  measurements. 
This  might  be  explained  by  the  observation  in  WAXD  measure¬ 
ments  at  varying  temperatures  from  Gierke  et  al.  [6]  that  the 
crystalline  sections  in  the  precursor  melt  over  a  wide  temperature 
from  50  °C  to  270  °C.  Still,  crystallinity  could  play  an  important  role 
in  welding,  as  it  strongly  reduces  the  chain  mobility.  For  example, 
the  strongly  negative  effect  of  pressure  on  peel  strength  might  also 
be  explained  by  the  Clapeyron  effect  for  semicrystalline  polymers 
mentioned  by  other  researchers  [62,63  .  Melting  of  crystalline 
sections  might  also  explain  the  higher  activation  energy  Ea  ob¬ 
tained  from  our  welding  data  compared  to  the  Ea  values  for  knife 
slit  fracture  and  stress  relaxation  of  NRE-211  obtained  by  Patankar 
et  al.  for  a  range  from  40  °C  to  100  °C  [30,32  .  As  all  of  these  pro¬ 
cesses  depend  on  polymer  dynamics  the  respective  Ea  values 
should  be  the  same,  if  no  additional  effects  were  involved. 

4.  Conclusions  and  outlook 

For  the  first  time,  the  welding  behavior  of  PFSIs  has  been 
investigated  in  detail  over  an  industrially  relevant  range  of  pa¬ 
rameters  using  Nafion®  NRE-211  membranes  from  DuPont™  as  a 
representative  product.  It  has  been  shown  that  the  strength  of  the 
welded  interface  depends  strongly  on  the  process  parameters  time, 
temperature  and  pressure.  The  strength  of  the  welded  interface 
shows  a  linear  dependence  on  square  root  of  time  above  a 
temperature-dependent  threshold  time  tcrit  and  an  Arrhenius 
temperature  dependence  with  thermal  activation  energy  Ea  of 
around  270  kj  mol-1.  Pressure  can  have  positive  effects  at  welding 
times  of  one  second  or  less  and  has  strongly  negative  effects  at 
higher  welding  times,  which  can  be  explained  by  theory.  It  has 
further  been  shown  that  time-temperature  superposition  curves 
can  be  constructed  for  most  of  the  parameter  range.  Only  for  high 
pressures  combined  with  high  temperatures  and  welding  times  of 
3  s  or  less  additional  effects  attributed  to  the  convolution  of  heat¬ 
ing,  wetting  and  diffusion  disturb  the  master  curve.  These  obser¬ 
vations  strongly  suggest  that  despite  their  complex  morphology 
with  ionic  clustering  and  crystalline  sections  the  welding  behavior 
of  PFSIs  can  be  modeled  and  predicted  by  the  reptation  model  for 
amorphous  linear  polymers  over  the  whole  industrially  relevant 
parameter  range. 

Based  on  the  assumption  of  polymer  diffusion  as  the  dominating 
mechanism,  the  transition  to  linear  dependence  of  peel  strength  on 
square  root  of  time  at  a  threshold  time  tcr it  was  ascribed  to  the  state 
of  a  critically  connected  network.  Based  on  this  assumption  and  the 
reptation  model  for  polymer  dynamics  welding  time  and  final  peel 
strength  of  the  fully  healed  interface  were  predicted  using  the 
measured  tcrit  as  well  as  the  molecular  weight  gained  from  the 


literature  and  the  critical  molecular  weight  estimated  using  an 
approximate  formula  from  polymer  theory.  According  to  this  pre¬ 
diction,  increasing  the  welding  temperature  by  only  30  °C  from 
140  °C  to  170  °C  reduces  the  time  required  for  full  interfacial 
healing  from  around  113  min  to  only  16.4  s.  The  predicted  strength 
of  the  fully  healed  interface  is  in  good  agreement  with  the 
maximum  measured  values,  but  also  with  fracture  data  obtained  by 
other  researchers  using  different  methods.  Based  on  the  welding 
data  and  supplementary  DSC  measurements  a  bulk  glass  temper¬ 
ature  of  153  °C  and  a  surface  glass  temperature  lower  or  equal  to 
140  °C  were  determined  for  NRE-211  membranes.  The  role  of 
crystallinity  on  welding  was  shortly  discussed  with  the  Clapeyron 
effect  as  possible  alternative  explanation  for  the  strongly  negative 
pressure  effect,  which  should  be  further  investigated. 

On  a  longer  perspective,  the  importance  of  molecular  weight 
and  related  properties  of  PFSIs  has  been  highlighted.  Apart  from  the 
recently  predicted  influence  on  morphology  [64  ,  molecular  weight 
strongly  influences  strength  development  and  required  time  for 
welding  of  PFSI-based  products.  Finally,  the  present  investigation 
displays  the  importance  of  a  polymer  dynamics  approach  for  pro¬ 
cessing  of  PFSI-based  products. 
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